Rainstorms can threaten the residents of rocky, mountainous areas through hazards such as debris flow and landslides. Beijing is a city with rapidly increasing human activities that have increased soil erosion and other environmental problems and attracted worldwide attention (Teo et al. 2006) . Mining is a necessary activity that is accompanied by increased construction, and after years of mining, many environmental problems appear. In particular, bare slopes with damaged soil structure are subjected to serious runoff, soil loss, landslides, debris flow, and potential soil erosion disasters, which threaten human life and social stability especially under the pressures of a large population and limited availability of land (Andrews-Speed et al. 2003; Bhebhe et al. 2013; Dai et al. 2013; Silva et al. 2013) . According to the city planners of Beijing (Zhang et al. 2011 , all mines have been closed since 2008, and artificial restoration has been undertaken at abandoned urban mines to improve environmental governance.
The rehabilitation of abandoned mines was designed as a solution to prevent potential soil erosion and to improve the environmental conditions needed for vegetation restoration (Duque et al. 1998; Hancock Yan Zhang and Mingming Feng contributed equally to this work. doi: 10.17221/137/2014 doi: 10.17221/137/ -SWR 2004 . Much research has been done on the use of soil cover, i.e. covering the residue layer with soil (O'kane et al. 1998; Mbonimpa et al. 2003; Swanson et al. 2003; Song & Yanful 2010) . Basically, the infiltration rate is high and horizontal movement is scarce in mine residue due to its macro-pores, so soil cover with lower permeability may hinder infiltration and thus produce more runoff (Beven & Germann 1982; Walter et al. 2000) . However, soil cover provides the nutrients and water storage required for plant growth that are otherwise not available in mine residue with a high number of macro-pores. Woyshner and Yanful (1995) suggested that soil cover was favourable for soil water conservation at mine sites, so soil cover of a certain depth may be beneficial to the slope water balance and vegetation restoration.
Many techniques have been used during the past few years to prevent soil erosion, e.g. eco-bags, bamboo fences, flat-to-sloping roof conversion, and eco-stick slope protection technologies Wang & He 2012; Zheng et al. 2012; Bauer 2013; Tong et al. 2014) . Based on previous research in the Huangyuan quarry, loose mine residue deposits more easily produce runoff and soil loss than natural slopes, and different protective measures have different protective effects.
The purpose of this paper was to examine (1) the variations in runoff and soil loss under different protective measures, (2) the effect of the depth of the covering soil on the amount of runoff and soil loss, and (3) the optimal combination of slope-protective measures and soil cover thickness. The results will improve the process of slope stabilization in surface mines thus providing better conditions for vegetation restoration.
MATERIAL AND METHODS
Experimental samples. Experimental soil samples were collected from the loose mine residue deposits in the Huangyuan quarry, Fangshan District, Beijing, China (115°25'-116°15'E, 39°30'-39°55'N, 70-250 m a.s.l.) (Zhang et al. 2013a ). The soil properties are shown in Table 1 , and the residue was composed of 11.37% soil (< 2 mm) and 88.63% gravel (> 2 mm). According to the United States Department of Agriculture (USDA) classification system, the residue was sandy loam, and the covering soil was clay loam. Bulk density of the soil cover was 1.12 g/cm 3 , and that of the residue was 1.76 g/cm 3 . The total porosities of the residue and soil cover were 35.88 and 45.15%, respectively, and the maximum water-holding capacities of the residue and soil cover were 18.13 and 46.73%, respectively. The higher total porosity and maximum water-holding capacity of the soil cover mean that it contains more space to hold water and air. The initial soil moisture content ranged from 20 to 25%.
Characteristics of the experimental containers. The experimental containers were 1 m wide, 0.8 m deep, and 2 m long with the same 30° gradient (Figure 1) . Drain holes were set every 0.1 m at the front of the container and were used to obtain the runoff and soil erosion data for the aboveground, soil, and residue layers independently (Table 2) . (Hsu et al. 2010; Luo et al. 2013) . The experimental rainfall hall was situated at the Research Institute of Highway, Ministry of Transport, Beijing. Rainfalls were simulated with a spray rainfall system with a median drop size diameter range of 0.5-4.3 mm, and the whole process was controlled by a computer with a data recording function. The height of the rainfall was 8 m above the floor, and the simulated rainfalls were similar to natural rainfall. The intensity of the rainfall simulator ranged from 12 to 180 mm/h, and the terminal velocity ranged from 2 to 2.7 m/s. Clean water was used, and the experiment was protected from wind interference to ensure accuracy.
Slope protection measures. Eco-bags and bamboo fences were chosen for the study because of their wide application in slope protection as shown in Figure 1 (Zheng et al. 2012; Zhang et al. 2013b) . Eco-bags were composed of non-woven fabric (which is mainly made of polypropylene) that conserved soil and water. They were 20 cm wide and 30 cm long, and the size of the openings was 0.18 mm. Eco-bags were spread out on the slope surface and fixed in place with steel chisels. Bamboo fences were 20 cm long and 5 cm wide with sharp cutting edges, so they could be installed without damaging the soil structure. Three rows of bamboo fences were inserted vertically into the soil, and one half was left above the ground.
Experimental procedure. Simulated rainfall experiments were performed for 3 rainfall intensities (30, 60, and 120 mm/h) (Balacco 2013 ), 3 models of soil-mine residue mixing (10 cm soil + 60 cm residue, 20 cm soil + 50 cm residue, and 30 cm soil + 40 cm residue), 1 slope degree (30°), and 2 protective measures (eco-bags and bamboo fences) plus 1 control group. Each test had 3 replications, so there were 81 combinations in total (3 rainfall intensities × 3 models of soil-mine residue mixing × 1 slope degree × (2 protective measures groups + 1 control group) × 3 replications).
The experimental procedures were as follows. In the area of the surface mine, protective engineering measures, i.e. eco-bags and bamboo fences, had to be taken to protect the slopes from soil erosion, and adding soil cover was an effective method for improving nutrient storage and water retention. Three soil cover depths were selected (Table 2, Figure 2 ), and models 1, 2, and 3 corresponded to 10 cm soil + 60 cm residue, 20 cm soil + 50 cm residue, and 30 cm soil + 40 cm residue, respectively. The soil and mine residue were separated by wire netting with a 5-mm mesh aperture to limit the movement of gravel and reinforce the stability of the slopes. The prepared experimental containers were then settled for three days to approach natural conditions. Each rainfall lasted for 60 min at a fixed rainfall intensity. Runoff and sediment samples were collected through drain holes a~h after 10, 20, 30, 40, 50, and 60 min. After collection, samples were left standing for 12 h, and the runoff was then separated from the sediment using a pipette while the volume of runoff was determined in a measuring cylinder. The sediment was oven-dried at 105°C for 24 h and weighed using an electronic scale.
RESULTS AND DISCUSSION
Impacts of protective measures on runoff. The mean runoff (combined values of the 3 layers) with error bars for the slopes with eco-bags, bamboo fences, and the controls are shown in Figure 3 . The results showed that runoff increased under higher rainfall intensity, and this was most likely due to the balance between rainfall intensity and infiltration. When the intensity was 30 mm/h, the rainfall intensity was close to the infiltration rate and thus produced less runoff. As the intensity increased, it became greater than the infiltration rate and produced greater runoff.
For rainfall intensities of 30, 60, and 120 mm/h, the runoff on slopes with eco-bags and bamboo fences was generally lower than that of the controls. This indicated that these protective measures were able to enhance soil infiltration and reduce runoff, which is consistent with the results of He et al. (2010) .
Under different rainfall intensities, the experimental results were influenced by how the water was partitioned (Hawke et al. 2006; Liu et al. 2014) . Bamboo fences had a better protective effect under rainfall of 30 mm/h and 60 mm/h compared with the eco-bags, whose surfaces were composed of non-woven fabric that had relatively small infiltration rates. In spite of this slow infiltration, eco-bags showed heightened runoff outflow prevention while bamboo fences better intercepted runoff by changing the water movement process and increasing the duration of the runoff on the slope.
However, when the rainfall intensity reached 120 mm/h, the average runoff amounts with ecobags and bamboo fences were 74.95 and 74.94 mm/h, respectively. This suggests that the effects of the two protective measures did not differ under such high rainfall intensity.
Effects of varying the depth of soil cover on runoff.
To investigate the effectiveness of soil cover in protection from soil erosion, the runoff from the aboveground, soil, and residue layers was collected. As shown in Figure 4 , the volume of the aboveground runoff was greater than that of the soil and residue layers in the slopes with eco-bags and the controls. The aboveground runoff from model 3 with bamboo fences and controls was higher than for models 1 and 2 because less water infiltration likely occurred, and more runoff accumulated. With eco-bags, the The results also indicated that the runoff from the soil layer with or without protective measures was much less than that of the aboveground and residue layers, which implies that the depth of the soil cover does not significantly affect the runoff.
In particular, the runoff of model 3 was lower than that of models 1 and 2 in the residue layer. Because the water-holding capacity of the residue was poor, the thicker the residue, the higher the runoff.
In mountainous regions, runoff volume is one of the main factors affecting soil erosion (Bradford et al. 1987; Balacco 2013) , and spreading different depths of soil on the surface of mine residues is an effective method to reduce runoff.
Impacts of protective measures on soil loss. Figure 5 shows the dynamic change in soil loss (mean values of the 3 layers combined) of eco-bags, bamboo fences, and controls during one hour of artificial rainfall. In general, the process of soil loss followed two patterns, with or without a peak. Soil losses with bamboo fences and controls were enhanced by higher rainfall intensities in the early stage of the rainfall and then declined to a constant value after reaching the peak, which can be explained as follows. During the period of rising soil loss, soil erosion was caused by the splash of the raindrops on the superficial soil structure, which caused large amounts of soil loss. With the gradual stabilization of the soil structure, soil loss was reduced until it reached a constant value. The soil loss dynamics of the slopes with eco-bags did not have a peak, suggesting that soil loss on these slopes increased slowly due to the barrier function of the eco-bags. When the soil reached full saturation, the amount of soil loss per unit time tended to stabilize.
For slopes with eco-bags, the average values of soil loss at rainfall intensities of 30, 60, and 120 mm/h were 0.35, 0.97, and 1.03 g/(m 2 ·s), respectively. The small amount of soil loss due to eco-bags indicates their outstanding soil conservation and soil structure protection properties.
The soil loss on the slopes with bamboo fences was less than that of the controls under different rainfall intensities, which was most likely due to sediment interception. According to the results, the slopes with bamboo fences produced less runoff than the controls, which may have resulted in less soil loss. Additionally, the time at which the amount of soil loss reached its peak, occurred much later under the rainfall intensity of 30 mm/h compared with that under 60 and 120 mm/h. When the rainfall intensity increased, soil saturated faster, and peak soil loss happened earlier.
Effects of varying the depth of engineered soil cover on soil loss. In order to analyze the effects of the 3 soil cover thicknesses, the soil loss from the aboveground, soil, and residue layers was plotted as shown in Figure 6 . The graph indicates that the thickness of soil cover strongly affects the amount of soil loss from the aboveground layer. The soil loss from the aboveground layer of model 3 was larger than that of models 1 and 2. The main reason could be that a thicker soil cover contains larger quantities of topsoil, or the higher aboveground runoff carries the aboveground soils away.
However, in the soil and residue layers, soil loss was less affected by the thickness of the soil cover or the protective measures. In part, this was because runoff was the major cause of soil loss; when the runoff was low, less sediment was carried away. However, the residue layer also contained large pores, through which more water moved vertically by gravity, leading to the low degree of soil loss.
Comprehensive prevention-control effects of protective measures. The purpose of this study was to find ways to dissipate raindrop energy and lower runoff and soil loss, namely, to provide a comprehensive prevention-control system. Slope protective measures can be divided into two types: runoff interception and soil loss prevention.
The reductions in runoff and soil loss are shown in Table 3 . Runoff (or soil loss) reduction was defined as the amount of runoff (or soil loss) in the controls minus the amount of runoff (or soil loss) 
CONCLUSION
The effects of 3 soil cover depths and 2 protective measures on soil and water conservation were studied using experimental containers of 30° slope under three rainfall intensities. In general, both eco-bags and bamboo fences had the capacity to reduce runoff and soil loss even though their mechanisms differed. Bamboo fences were able to intercept water, and their conservation effect was more obvious than that of the eco-bags. However, eco-bags performed well in protecting soil structure and reducing soil loss. The results also illustrated that soil cover thickness had an effect on runoff and soil loss. With bamboo fences, aboveground runoff and soil loss values in model 3 were higher than those of models 1 and 2, but the runoff values of the aboveground layer differed little among the 3 soil cover depths in slopes with eco-bags. The runoff and soil loss values were higher in the residue layer compared to the soil layer but lower compared to the aboveground layer with either eco-bags or bamboo fences. In the residue layer of both protected slopes, the runoff and soil loss values under model 3 were lower than those of models 1 and 2. 
